Abstract Cocaine, a commonly used drug of abuse, has been shown to cause neuropathological dysfunction and damage in the human brain. However, the role of autophagy in this process is not defined. Autophagy, generally protective in nature, can also be destructive leading to autophagic cell death. This study was designed to investigate whether cocaine induces autophagy in the cells of CNS origin. We employed astrocyte, the most abundant cell in the CNS, to define the effects of cocaine on autophagy. We measured levels of the autophagic marker protein LC3II in SVGA astrocytes after exposure with cocaine. The results showed that cocaine caused an increase in LC3II level in a dose-and time-dependent manner, with the peak observed at 1 mM cocaine after 6-h exposure. This result was also confirmed by detecting LC3II in SVGA astrocytes using confocal microscopy and transmission electron microscopy. Next, we sought to explore the mechanism by which cocaine induces the autophagic response. We found that cocaine-induced autophagy was mediated by sigma 1 receptor, and autophagy signaling proteins p-mTOR, Atg5, Atg7, and p-Bcl-2/Beclin-1 were also involved, and this was confirmed by using selective inhibitors and small interfering RNAs (siRNAs). In addition, we found that chronic treatment with cocaine resulted in cell death, which is caspase-3 independent and can be ameliorated by autophagy inhibitor. Therefore, this study demonstrated that cocaine induces autophagy in astrocytes and is associated with autophagic cell death.
Introduction
Cocaine is one of the most popular recreational drugs in the USA. It is a strong central nervous system stimulant, and its chronic use causes a long-term change of the brain's reward system leading to addiction [1] . In addition, use of cocaine causes constriction of blood vessels, hallucinations, and paranoia [2, 3] . Furthermore, repeated use of cocaine also leads to brain impairment (deficits in cognition, motivation, insight, and attention) [4] . Clinical and preclinical studies have demonstrated the occurrence of learning and memory impairment and movement disorders in cocaine abusers, even after a long period of drug withdrawal [5, 6] . A recent meta-analysis study involving 46 studies showed that cocaine abuse predominantly affects attention, impulsivity, verbal learning/memory, and working memory [7] . The mechanism by which cocaine causes cellular damage is complex and has been associated with ER stress [8, 9] , apoptosis [10, 11] and oxidative stress [12, 13] . However, the exact mechanism of cocaine-induced neurotoxicity remains an area of interest. Several studies have suggested that brain impairment caused by drugs of abuse induced neurocognitive disorder is correlated with apoptotic cell death [14, 15] .
Astrocytes are the most abundant cell type in the brain. Astrocytes are present throughout the central nervous system, and they play supportive role for neurons. They provide structural and metabolic support to the neurons and are involved in blood brain barrier maintenance, immune/inflammatory response modulation, and are known to play an important role in neurotransmission [16] . Since astrocytes play an important role in the brain, the interaction between astrocytes and neurons is essential for neuronal survival. It is well established that any impairment in these astrocyte functions can negatively impact normal function and survival of neurons [17] . Apart from that, increased number of apoptotic astrocytes has been found in HIV-associated dementia [18] and other neurological disorders [19, 20] . Based on these findings, it is reasonable to establish the correlation between astrocytic cell death and cocaine-induced brain injury.
Autophagy is a process in eukaryotic cells that is characterized by the sequestration of cytoplasmic organelles within an autophagosome and degradation by lysosomal enzymes [21] . It is a regulated degradative pathway in which cytoplasmic cargo is delivered into lysosomes. Under stress conditions such as nutrient depletion and oxidative stress, autophagy is activated to protect the cells from dying. Autophagy is negatively regulated by mammalian target of rapamycin (mTOR). mTOR is deactivated under stress condition, leading to activation of downstream cascade of autophagy-related signaling proteins such as Atg1, Beclin-1, Atg5, and Atg7 [22] . Autophagy process is strongly inhibited by Bcl-2, and the interaction between Bcl-2 and Beclin-1 plays an important role in the regulation of autophagy process [23] . Most assays for autophagy modulators use an autophagy marker protein microtubuleassociated protein 1 light chain 3 (MAP-LC3) as the indicator of autophagy activity.
In general, autophagy is considered to be protective for cells, for the fact that autophagosome-lysosome degradation of cytoplasmic components can provide amino acids to maintain cellular energy. However, in contrast with its protective role, excessive autophagy could cause cell death, which is known as Bautophagic cell death^or Btype II programmed cell death.^The relationship between autophagy and apoptosis is complex, and they can be triggered by same stimuli. While autophagy is an early response stimulated by stress, it often occurs prior to apoptosis. In certain cases, when apoptotic machinery is inhibited, autophagy is preferred in promoting cell death [24, 25] . In several neurodegenerative diseases, autophagy has been found to be involved in cell death. For example, accumulation of autophagic vacuoles has been reported in brains of Alzheimer's disease patients [26] , and in Parkinson's disease, dopaminergic neurons die through both apoptotic and autophagic process [27] . Similarly, commonly abused controlled substance like methamphetamine and morphine has been reported to be involved in lysosomal vacuolization and autophagosome formation [28] [29] [30] [31] . Methamphetamine has also been shown to be associated with autophagic cell death in cardiomyocytes [32] and cells of CNS origin [33, 34] . These findings represent another role of autophagy, as a suicide mechanism other than apoptosis.
In this study, we sought to address the mechanism of cocaine-mediated astrocyte death via autophagy. We also sought to determine the pathways involved in cocainemediated autophagy. We specifically focused on the activation and involvement of autophagy-related protein mTOR, Beclin-1, Atg5/7, and upstream pathway activity, including sigma 1 receptor activation.
Results
Cocaine Induces Autophagy in Astrocytes in Doseand Time-Dependent Manner During autophagy, the cytosolic form of LC3 (LC3I) is conjugated to phosphatidylethanolamine to form LC3I-phosphatidylethanolamine conjugate (LC3II), which is considered to be a specific marker for autophagic activity. To determine whether cocaine can induce autophagy in astrocytes, we treated the SVGA astrocytes with cocaine at 1 mM concentration for 1, 3, 6, and 12 h. The LC3II level was detected in whole cell lysate using Western blot analysis. Cocaine did not cause any change in LC3II level after 1-h exposure but 3, 6, and 12 h exposure caused substantial increase with 6-h exposure showing peak LC3II expression (Fig. 1a) . Fig. 1 Cocaine induces autophagy in SVGA cells, in a time-and dosedependent manner. Results are shown as mean±S.E. for three separate experiments. *p<0.05 as compared with control. a SGVA cells were exposed to 1 mM of cocaine for the indicated times and then were subject to Western blot analysis with anti-LC3II antibody. The data quantified by AlphaEase FC software are shown at the bottom of the panel. b SVGA cells were exposed to different doses of cocaine as indicated for 6 h and were then subject to Western blot analysis with anti-LC3II antibody. The data quantified by AlphaEase FC software are shown on the bottom of the panel. c Punctate LC3II dots in cocainetreated SVGA cells. SVGA cells were treated with 200 μM, 500 μM, or 1 mM of cocaine for 6 h. Cells were fixed with methanol and immunostained with anti-LC3II antibody. Cells were examined by confocal microscopy (Leica TCS SP5 II). d SVGA cells were exposed to 1 mM of cocaine for 6 h, with or without 20 nM of bafilomycin A1 and followed by Western blot analysis with anti-LC3II antibody In the next set of experiments, the astrocytes were exposed for 6 h with varying concentrations of cocaine ranging from 1 μM to 1 mM followed by detection of LC3II in whole cell lysate. The response was dosedependent with 1 mM concentration causing maximum change in LC3II level (Fig. 1b) . Therefore, all other experiments were performed using cocaine at 1 mM concentration with 6-h exposure time. These results were also confirmed in immunocytochemistry using 200, 500 μM, and 1 mM cocaine (Fig. 1c) . The green punctuate dots indicate LC3II-positive immunostaining in astrocytes. The LC3II expression was once again dosedependent as seen in immunocytochemistry and was analyzed using ImageJ software. We then wanted to determine whether this increased LC3II was due to increased autophagosome formation or a defect in the fusion process. We, therefore, treated the cells with a lysosomal inhibitor, bafilomycin A1, which prevents the fusion between autophagosomes and lysosomes. The results from this experiment clearly showed that bafilomycin treatment significantly increased LC3II levels (Fig. 1d) . As autophagy is characterized by autophagosome formation, we further examined the ultrastructure of cocaine-treated and control astrocytes using transmission electron microscopy. The images of transmission electron microscopy are shown in Fig. 1e . The cocaine-treated astrocytes showed numerous double-membrane vacuoles. However, there was no autophagosome in the control cells. Taken together, these results clearly demonstrated that cocaineinduced autophagy in dose and time-dependent manner in astrocytes.
Cocaine Induces Autophagy Through Sigma 1 Receptor-Mediated Pathway Sigma 1 receptor has been well documented in the literature as a receptor for cocaine and has been shown to be involved in the toxic and stimulant properties of the cocaine [35, 36] . We therefore examined whether cocaineinduced autophagy was mediated by sigma 1 receptor. The involvement of sigma 1 receptor was determined using both a pharmacological antagonist and small interfering RNA (siRNA) for sigma 1 receptor. We first used BD1047, a selective sigma 1 receptor antagonist, which has been previously shown to attenuate cocaine-induced toxicity [37] . The BD1047 was tested at 10 nM, 100 nM, and 1 μM. The inhibitor blocked cocaine-induced LC3II expression in dose-dependent manner, and the decline was statistically significant at highest concentration (Fig. 2a) . We then used a sigma 1 receptor-specific siRNA with scrambled siRNA as control. The scrambled siRNA did not affect LC3II expression but sigma 1 receptor-specific siRNA down-regulated cocaine-induced LC3II expression by >60 % (Fig. 2b) . These results were also confirmed in immunocytochemistry (Fig. 2c) , and ImageJ analysis showed significant reduction in the level of cocaineinduced LC3II when the cells were transfected with specific siRNA. These results provide clear evidence of the involvement of sigma 1 receptor in cocaine-induced autophagy.
Signaling Proteins Beclin-1, Bcl-2, mTOR, and Atg5/7 Are Involved in Cocaine-Induced Autophagy Beclin-1 is one of the most important signaling proteins in autophagosome formation. Therefore, we hypothesized that cocaine-induced autophagy is mediated through Beclin-1. Astrocytes were treated with 1-mM cocaine, and the cell lysate was prepared after 1, 3, 6, and 12 h of exposure. These lysates were stained for Beclin-1, phosphorylated Bcl-2, phosphorylated mTOR, Atg5, and Atg7. Consistent with our hypothesis, we found that Beclin-1 was significantly up-regulated in cocaine-treated cells (Fig. 3a) . The Beclin-1 was significantly up-regulated after 3 and 6 h of exposure followed by normalization of Beclin-1 level. Further, phosphorylation of Bcl-2 dissociates Bcl-2/Beclin-1 complex and releases Beclin-1 to participate in the autophagy process. In cocaine-treated cells, we found increased level of phosphorylated Bcl-2, which further provides evidence of the involvement of Beclin-1 in the initiation of autophagy (Fig. 3b) . The maximum Bcl-2 phosphorylation was observed at 3 h followed by normalization. mTOR is a negative regulator of autophagy, and activation of mTOR suppresses autophagy. Upon starvation, mTOR is dephosphorylated leading to initiation of autophagy. Consistent with this, we found significant downregulation of p-mTOR level at 3 and 6 h in cells treated with cocaine (Fig. 3c) . Finally, in addition to Beclin-1 and Bcl-2, Atg5 and Atg7 have also been reported to regulate autophagy. In cocaine-treated cells, both Atg5 and Atg7 were induced compared with control, suggesting the involvement of Atg5 and Atg7 in cocaine-mediated autophagy process (Fig. 3d) .
To further determine cocaine-induced autophagic pathway, we used 3-methyladenine (3-MA) that inhibits PI3K I and III [38] . Beclin-1/PI3KIII complex is one of the key regulators of autophagy, and short-term treatment with 3-MA inhibits autophagy by blocking autophagosome formation via the inhibition of class III PI3K. As shown in Fig. 4a , 3-MA significantly decreased the expression of cocaine-induced LC3II (34 % reduction) whereas another PI3K inhibitor LY294002 did not block autophagy. On the contrary, it increased LC3II level by 19 % although this increase was statistically not significant. As expected, pretreatment of rapamycin (mTOR inhibitor) caused 51 % increase in the level of LC3II over cells treated with 1 mM cocaine. These results were further confirmed in immunocytochemistry using confocal microscopy (Fig. 4b) . The astrocytes growing on coverslips were pretreated with 3-MA or rapamycin followed by 1 mM cocaine for 6 h. These cells were then fixed and stained for LC3II. 3-MA significantly decreased level of cocaineinduced LC3II (23 % reduction over cocaine-treated astrocytes), whereas rapamycin increased the LC3II expression by 27 % in the cells compared to the cells only treated with cocaine. The ImageJ analysis showed approximately 80 % increase exhibited by cocaine which was further potentiated by rapamycin (130 % increase over control).
Furthermore, to determine the role of Beclin-1, Atg5, and Atg7 in cocaine-induced autophagy, we used specific siRNA against these signaling proteins to confirm the direct involvement of these proteins in the cocaine-induced autophagy. The SVG astrocytes were transfected with specific siRNA 48 h before they were exposed with cocaine. These cocaine-treated cells were used for immunocytochemistry and also for the preparation of whole cell lysate after 6-h cocaine exposure. The results from these experiments are shown in Fig. 5 . The Atg5 and Atg7 siRNA reduced the cocaine-mediated LC3II expression by 39 and 47 %, respectively, whereas scrambled siRNA did not cause any significant change (Fig. 5a) . Likewise, Fig. 2 Cocaine induces autophagy through sigma 1 receptor-mediated pathway. Results are shown as mean±S.E. for three separate experiments. *p<0.05 as compared to control. a SVGA cells were treated with or without indicated doses of BD1047 and then treated with 1 mM of cocaine for 6 h. LC3II was detected by Western blot, and the band intensity was quantified by AlphaEase FC software, shown at the bottom of the panel. b SVGA cells transfected with a sigma 1 receptor or a scrambled siRNA were treated with 1 mM cocaine for 6 h. LC3II was detected by Western blot. The data quantified by AlphaEase FC software are shown at the bottom of the panel. c SVGA cells transfected with a sigma 1 receptor siRNA or a scrambled siRNAwere treated with 1 mM of cocaine for 6 h. Cells were fixed with methanol and immunostained with anti-LC3II antibody. Cells were examined using a confocal microscope (Leica TCS SP5 II). The intensity of the staining in each cell was quantified by using ImageJ software Beclin-1 siRNA caused~30 % reduction in cocainemediated LC3II with scrambled siRNA showing only marginal increase over cocaine-mediated LC3II expression that was statistically not significant (Fig. 5b) . These results were confirmed in immunocytochemistry where ImageJ analysis showed 23, 33, and 31 % decline in LC3II expression caused by Beclin-1, Atg5, and Atg7 siRNA, respectively (Fig. 5c ). The role of autophagy in cell death is controversial. Autophagy is generally considered to be a mechanism for cell survival. However, extensive autophagy can lead to programmed cell death, called autophagic cell death. We therefore examined the role of autophagy in cocainetreated astrocytes. In preliminary experiments, we found that 6-h treatment was not enough to induce cocainemediated cell death, and we required 48 h with cocaine exposure at every 6 h to cause significant cell death (results of experimental protocol optimization not shown). SVGA cells were pretreated with inhibitors 3-MA and bafilomycin A1, followed by treatment with 1 mM cocaine every 6 h for 48 h. Upon termination of the experiment, MTT assay was performed to measure the viability of the cells. We found that cocaine treatment caused 29.4±3.7 % cell death compared with control untreated cells (Fig. 6a) . 3-MA caused only marginal decline in cocaine-induced cell death (29.4±3.7 vs 25.6± 8.9) which was statistically not significant. However, pretreatment with another autophagy inhibitor, bafilomycin A1, significantly prevented the cells from cocaineinduced cell death. The cells pretreated with bafilomycin A1 showed only 17.8±4.8 cell death as opposed to 29.4± 3.7 % cell death caused by cocaine, and the difference was statistically significant. To rule out the possibility of apoptotic cell death, we performed Western blot analysis using antibody against full/cleaved caspase-3. The results showed that cocaine did not induce cleavage of caspase-3, which clearly suggested that apoptosis was not involved in cocaine-induced cell death (Fig. 6b) . Taken together, our results clearly suggest that multiple cocaine exposure induces autophagic cell death that could be partially reversed by autophagy inhibitor. Fig. 7 depicts a Fig. 4 Cocaine-induced increase in LC3II level is attenuated by inhibition of PI3K. Results are shown as average±S.E. for three separate experiments. *p<0.05 as compared to control. a SVGA cells were treated with LY294002, 3-MA or rapamycin, and then treated with 1 mM of cocaine for 6 h. Cells were then subjected to Western blot analysis with anti-LC3II antibody. The data quantified by AlphaEase FC software are shown at the bottom of the panel. b SVGA cells were treated with 3-MA or rapamycin and then treated with 1 mM of cocaine for 6 h. Cells were fixed with methanol and immunostained with anti-LC3II antibody. Cells were examined by confocal microscopy (Leica TCS SP5 II) pathway involved in cocaine-mediated autophagy. In summary, the cocaine functions through sigma 1 receptor a
n d i n h i b i t s m T O R , c a u s i n g a u t o p h a g y. T h e phosphorylation of Bcl-2 helps in dissociation of
Beclin-1/Bcl-2 complex and free Beclin-1 induces autophagy with involvement of Atg5 and Atg7.
Discussion
Cocaine, as one of the most popular recreational drugs in the USA and many other parts of the world, can cause addiction and neurological impairment [1] . However, the role of autophagy in cocaine-mediated deleterious effect in the brain remains poorly understood. Several recent studies with other psychostimulants suggest involvement of autophagy in neurotoxicity [30, 33] . For example, morphine-mediated autophagy is responsible for the development of morphine antinociceptive tolerance [39] and methamphetamine has been reported to induce cell death via autophagy [40] . This study revealed for the first time that cocaine exposure induces autophagy in SVGA astrocytes through sigma 1 receptor and mTOR, and PI3KIII/Beclin-1 pathways are involved in cocaine-mediated autophagic process. This study also demonstrated that cocaine-mediated cell death in SVGA astrocytes involves autophagy, and the cell death was partially reversed by inhibiting autophagy. Our data also suggests that autophagy is an early response to cocaine-induced stress. However, chronic exposure to cocaine leads to excessive autophagy, Fig. 5 Cocaine-induced increase in LC3II level is attenuated by silencing of Beclin-1, Atg5, and Atg7. Results are shown as average± S.E. for three separate experiments. *p<0.05 as compared to control. a SVGA cells transfected with Atg5, Atg7, or a scrambled siRNA were treated with 1 mM of cocaine for 6 h. LC3II was detected in whole cell lysate by Western blot. The band intensity quantified by AlphaEase FC software is shown at the bottom of the panel. b SVGA cells transfected with Beclin-1 or a scrambled siRNA were treated with 1 mM of cocaine for 6 h. LC3II was detected by Western blot. The data quantified by AlphaEase FC software are shown at the bottom of the panel. c SVGA cells transfected with Beclin-1, Atg5, or Atg7 or a scrambled siRNA were treated with 1 mM of cocaine for 6 h. Cells were fixed with methanol and immunostained with anti-LC3II antibody. Cells were examined by confocal microscopy (Leica TCS SP5 II) Fig. 6 Cocaine induces caspase-3 independent cell death, which is decreased by inhibition of autophagy. Results are shown as mean±SE for three separate experiments. *p<0.05 as compared to control. a SVGA cells were treated with 3-MA or bafilomycin and then treated with 1 mM of cocaine every 6 h for 48 h. Then, cell viability was measured in a MTT assay. b SVGA cells were treated with 3-MA, bafilomycin, or rapamycin and then treated with 1 mM of cocaine for 6 h. Cells were subject to Western blot analysis with anti-"cleaved caspase 3" antibody which may damage the cellular components leading to cell death. This is the first study describing cocaine-induced autophagy in astrocytic cells, which may help to explain how chronic exposure of cocaine may contribute to CNS injury.
The concentration of cocaine for use in this study was determined based on input from earlier studies. Earlier reports have indicated mean plasma cocaine concentration of 0.26± 0.5 μM from a group of 111 cocaine users even though it could be as high as 120 μM [41] . In another report, Patel showed in 1996 that in a fatal case because of overdosing, blood cocaine concentration was found to be 0.31 mM [42] . In yet another report of fatal case, >1 mM cocaine was found to be present in blood [43] . Based on earlier studies, it is also known that concentration of cocaine in CNS could be as high as up to 155 times higher than that present in blood [44] . This justifies our choice of using 1-mM cocaine concentration.
The pharmacological effect of cocaine on the central nervous system involves multiple neurotransmitter proteins [45] [46] [47] . Cocaine blocks dopamine transporter resulting in dopamine increase in the synapse [1] . In addition, cocaine binds to sigma 1 receptor, which is highly expressed in the brain [47] . The modulation of sigma 1 receptor has been found to be associated with cytoprotective effects in astrocytes [48] . However, it is unknown whether sigma 1 receptor correlates with autophagic activity in astrocytes. Our study that utilized sigma 1 receptor inhibitor BD1047 and siRNA showed that sigma 1 receptor is involved in cocaine-induced autophagy, and blocking sigma 1 receptor significantly inhibited autophagy. Sigma receptors have earlier been shown to be involved in the stimulant actions and toxicity of cocaine [49] . Earlier studies have also shown that inhibition of sigma 1 receptor attenuated the convulsive and locomotor stimulatory effect of cocaine in mice [50, 51] . Therefore, it would be interesting to study the underlying mechanism in these anomalies and whether reversal of autophagy will attenuate the effect in vivo.
During autophagy, LC3I (cytosolic form of protein LC3) is converted to LC3II, which is expressed on the membranes of autophagosomes. Among different isoforms of LC3, LC3II is the one that correlates with increase in autophagy activity level. Therefore, anti-LC3II antibody is recommended for Western blot analysis. Previously, the ratio between LC3I and LC3II has been used to determine change in the extent of autophagy. However, the immunoreactivity of LC3I and LC3II defers. In most cases, the sensitivity of detection for LC3II is much higher than that for LC3I. Due to the difference in the affinity of LC3II antibodies to LC3I and LC3II, comparison of LC3II between different samples is considered to be a more accurate method [52, 53] . To rule out the possibility of degradation of LC3II during autophagy, it is important to use a lysosomal protease inhibitor, such as bafilomycin A1. Bafilomycin A1 inhibits the fusion of autophagosomes and lysosomes. Thus, autophagic activity in cells can be represented more accurately by comparing the levels of LC3II with or without bafilomycin A1 treatment [53] . Consistent with this, we found that the level of cocaine-induced LC3II is further increased by bafilomycin A1. This result further strengthens our hypothesis that cocaine induces autophagic activity in astrocytes.
Several signaling pathways are involved in the induction of autophagy. The expression level of Beclin-1 is a critical inducer of autophagy. Bcl-2 and Beclin-1 are key determinants in the regulation of apoptosis-autophagy switch [54] . Reduced level of Beclin-1 has been correlated with a defect/lack in removing damaged organelles whereas Bcl-2 inhibits both apoptosis and autophagy-associated cell death [55] . Bcl-2 binds to Beclin-1 and prevents assembling of the preautophagosomal structure, resulting in inhibition of autophagy [56] . During autophagy, phosphorylation of Bcl-2 dissociates Beclin-1 from the Bcl-2:Beclin-1 complex facilitating autophagy. Previous studies with other drugs of abuse such as methamphetamine and morphine have shown that down-regulation of Bcl-2 releases Beclin-1 to promote autophagy [40, 29] . Consistent with previous findings, our results also showed an increase in the levels of Beclin-1 and phosphorylated Bcl-2 by cocaine exposure, which clearly suggest the involvement of Beclin-1 and Bcl-2 in cocaineinduced autophagy. The findings were further supported by knockdown of Beclin-1 by siRNA, resulting in reduction in autophagy.
In addition to Beclin-1, mammalian target of rapamycin (mTOR) has also been shown to be a key regulator of autophagic activity in eukaryotic cells [57] . Consistent with this, our study clearly demonstrated the role of mTOR pathway in cocaine-mediated autophagy. Specifically, we showed that level of phosphorylated mTOR, a negative regulator of autophagy, is significantly reduced with cocaine treatment. Although level of total mTOR is not determined in this study, phosphorylation of mTOR is widely used as an indicator of mTOR activity level in cells or tissues [58] . During autophagy, many Atg proteins are localized to membrane structure as an initial sequestering compartment, which contribute to the formation of the double-membrane structure of autophagosome [59] . Consistent with this, cocaine treatment in our study significantly increased levels of Atg5 and Atg7, and knocking down of Atg5 and Atg7 reduced the level of cocaine-mediated LC3II expression. Taken together, these results suggest that cocaine-induced autophagy involves mTOR, Beclin-1, and Atg5/7 in astrocytes.
The definition of autophagic cell death is mainly morphologic, such as cell death associated with formation of autophagosomes [60] . There is no study that provides specific mechanism for autophagic cell death. However, previous studies have shown that cells with autophagic morphology often exist in regions where there is programmed cell death, an evidence for the existence of autophagic cell death [61] . Many recent reports suggest that autophagy-associated cell death, or type II programmed cell death, can occur in variety of cell types [62] [63] [64] [65] [66] . For example, antimicrobial drug clioquinol has been found to disrupt the mTOR signaling pathway and induce autophagic cell death in leukemia and myeloma cells [67] ; morphinone, a narcotic analgesic, has been proved to induce non-apoptotic cell d e a t h w i t h a u t o p h a g i c f e a t u r e ( f o r m a t i o n o f autophagosomes), which is associated with functional loss of mitochondria and depletion of ATP [68] . In our study, the morphological features of cells exposed to cocaine are typical of autophagy, which is evident from increase in the number of LC3II punctuate dots using confocal microscopy and formation of autophagosome using transmission electron microscopy (Fig. 1) . The increase in LC3II protein levels also supports the induction of autophagy in SVGA cells. In addition, we observed significant cell death with cocaine treatment, which is ameliorated by autophagy inhibition (Fig. 5) . Two forms of programmed cell death, apoptosis and autophagy, can be induced by the same stimuli, and there may be a crosstalk between autophagy and apoptosis. In our study, we did not find morphological features of apoptosis, such as granulation of cells. In addition, the cell death was caspase-3 independent, which ruled out the possibility of apoptotic cell death. Furthermore, the use of bafilomycin partially brought back the cell viability. Taken together, it is reasonable to assume that under our condition with cocaine treatment, cells have gone through autophagic cell death. However, due to the fact that none of the autophagy inhibitors used in the study completely reversed the cell death caused by cocaine, we cannot rule out the possibility of an alternative cell death mechanism that is independent of autophagy and apoptosis.
We observed opposing effect of two PI3K inhibitors. LY294002 caused increased autophagy as evident by LC3II expression whereas 3-MA inhibited cocaine-induced autophagy. There are 3 types of PI3K (class I, class II, and class III). The class I PI3K/AKT has been reported to be involved in autophagy inhibition [69, 70] whereas class III PI3K/AKT is known promoter of autophagy [71] . Although both inhibitors are known to interfere with PI3KI and III [71] , but it is likely that LY294002 is a more potent inhibitor of PI3KI whereas 3-MA inhibits PI3KIII more effectively than PI3KI. This is one possible explanation why cocaine-induced LC3II is reduced by 3-MA, but not LY294002.
In summary, this study showed that cocaine induces autophagy in SVGA astrocytes and Beclin-1, mTOR, and Atg5/7 are involved in the autophagy signaling pathway. Our study further suggests that cocaine, at least in part, induces autophagic cell death. This study is clinically relevant because cocaine is one of the common substances of abuse. Further studies are needed to determine the mechanism of chronic cocaine use on autophagic cell death and whether inhibitors of autophagy would have therapeutic value.
Materials and Methods
Cell Culture and Reagents SVGA cells [Astroglial cells modified from simian virus 40 (SV40)-transformed human glial cells (SVG)] was generously provided by Dr. Avindra Nath. Cells were grown in Dulbecco's Modified Eagle Medium (DMEM) (Cellgro, Manassas, VA) supplemented with 10 % heat-inactivated fetal bovine serum, 1 % non-essential amino acids, 1 % sodium bicarbonate, 1 % L-glutamine, and 50 μg/ml of gentamycin. The cells were maintained in an incubator at 37°C and humidified air with 5 % CO 2 . Cocaine and sigma 1 receptor antagonist (BD1047) were obtained from Sigma (Sigma-Aldrich, St. Louis, MO). The inhibitors of PI3K (3-methyladenine, LY294002) and mTOR (rapamycin) pathways were obtained from Cayman Chemicals (Cayman Chemicals, Ann Arbor, MI). Specific antibodies against LC3II, Atg5, Atg7, OPRS1, p-Bcl-2, pmTOR, and GAPDH were obtained from Cell Signaling Technology (Cell Signaling Technology, Beverly, MA). Vectashield Mounting Medium with DAPI was obtained from Vector laboratories (Vector Laboratories, Burlingame, CA). Specific siRNA of sigma 1 receptor, Beclin-1, Atg5 and Atg7, and control siRNAs were purchased from Ambion Inc (Ambion, Carlsbad, CA).
The cells were seeded in 6-well plates at a density of 0.8× 10 6 per well in 2-ml media and allowed to adhere overnight. The cells were treated with cocaine for specified lengths of time as specified in the figures. Furthermore, treatments for 6 h were performed with 1-mM cocaine.
Transfection of Astrocytes with siRNA Cells were plated at 0.6×10 6 cells/well in a 6-well plate. The cells were allowed to adhere overnight before transfection with 50 nM siRNA. Transfection of SVGA was performed using Lipofectamine TM 2000 as per the manufacturer's instructions (Invitrogen Inc., Carlsbad, CA). Briefly, complete medium was removed from plates, and cells were washed twice with PBS before addition of serum free medium. Transfection reagent as mixtures of Opti-MEM, lipofectamine, and siRNAs against sigma 1 receptor, Beclin-1, Atg5, and Atg7 were prepared and added into wells. After 24 h, the transfection reagent was replaced with fresh complete medium. Cells were trypsinized 10 h later and re-seeded into 6-well plates at a density of 0.8×10 6 per well. Cocaine treatment was performed the next day as described above. Transfection with 50 nM of scrambled siRNA was used as the negative control.
Western Blotting SVGA cells were harvested at indicated time points in RIPA buffer (Boston BioProducts, Ashland, MA). The whole cell lysates were homogenized and centrifuged for 15 min at 14,000 rpm to remove debris. The concentration of protein was measured using BCA assay, and 40 μg of protein was loaded in each well of 12 % polyacrylamide gel for electrophoresis. The proteins were separated at 90 V for 2.5 h and transferred onto PVDF membrane at 350 mA for 90 min. The membranes were probed with appropriate primary and secondary antibodies for LC3II, Beclin-1, P-Bcl-2, p-mTOR, Atg5, and Atg7 to measure their expression levels. The bands were detected using BM Chemiluminescence Western Blotting Substrate (POD) (Roche Applied Sciences, Indianapolis, IN). The bands were analyzed using FluorChem HD2 software (Alpha Innotech, San Leandro, CA), and the intensities of bands were normalized using GAPDH.
Immunocytochemistry SVGA cells were seeded at 0.8×10 6 on 1.5-mm cover slips followed by treatment with cocaine as before. After termination of treatment, the cells were fixed with 1: 1 ice-cold methanol and acetone solution for 20 min at -20°C. The wells were air dried followed by blocking and permeabilization with 1 % BSA in PBS with 0.1 % Triton for 30 min. After blocking, the cells were incubated with a cocktail of rabbit anti-LC3II antibody (1:2000) and a mouse anti-GFAP antibody (1:1500) (Abcam, Cambridge, MA) overnight in a humidified chamber. After three washes with 0.1 % Triton in PBS, the cells were incubated in the dark chamber for 1 h with an anti-mouse antibody conjugated with Alexa Fluor 555 (1:2000) and an anti-rabbit antibody conjugated with Alexa Fluor 488 (1:2000) (Cell Signaling, Beverly, MA) followed by three washes with 0.1 % Triton in PBS. All the antibodies were diluted in 1 % BSA in PBS. Finally, the cover slips were transferred onto glass slides with 10 μl of Vectashield mounting reagent with DAPI. The fluorescence microscopy was performed using a Leica TCS SP5 II Laser Scanning Confocal microscope. The images were captured using a 40× zoom lens, and ImageJ software was used to analyze the images and calculate the intensity values by using GFAP as housekeeping protein.
Transmission Electron Microscopy SVGA cells were treated as indicated and fixed in 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C for overnight. Sections were observed under transmission electron microscopy in Electron Microscopy Laboratory in School of Dentistry, UMKC.
Cell Proliferation Assay Cells were plated in 12-well plates and treated with cocaine for indicated times. Upon termination of the experiment, medium was removed, and cells were washed with PBS. Cells were incubated with 500 μl of 0.2 mg/ml MTT solution at 37°C for 3 h. The supernatants were discarded and 500 μl per well dimethyl sulfoxide (DMSO) was added. The MTT assay was performed to measure cell viability using a microplate reader. Absorbance was read at 570 nm with a reference filter at 630 nm.
Statistical Analysis The statistical analysis was performed to represent the data in mean±S.E. values. Results were based on at least three independent experiments with individual experiments performed in triplicates. For the comparison between two groups, statistical analysis was using two-tailed Student's t test to calculate p values, and p value ≤0.05 was considered statistically significant.
